 Environmental awareness and an increasing concern with sustainable development have stimulated many industries including ground engineering to replace the conventional synthetic fibers. In this work, flexural strength and flexural modulus of chemically treated random short sisal fiber reinforced polypropylene and unsaturated polyester composites were investigated over a range of fiber content. Flexural strength of the composites was found to decrease with increased fiber content; however, flexural modulus increased with increased fiber content. The reason for this decrease in flexural strength was found to be due to fiber defects which could induce stress concentration points in the composites during flexural test, accordingly flexural strength decreased. Alkali and silane fiber treatments were found to improve flexural strength and flexural modulus which could be due to enhanced fiber/matrix adhesion.
INTRODUCTION
As the global energy crisis has increased in severity and ecological risks are more serious, plant fibers such as sisal [1] , hemp [2] , flax [3] , jute [4] , and kenaf [5] have become more attractive candidates to replace artificial fibers as reinforcement in polymers. Compared with conventional synthesis fibers, these plant fibers are abundant, renewable, biodegradable, inexpensive and lightweight [6] . This allows them to reduce the weight of composites and reduces harmful environmental damage. Plant fibers have a high specific mechanical performance and, because they are flexible, they are less likely to fracture during the extrusion or injection molding process of harsh composite. These features allow plant fibers to maintain the high aspect required for sound composite reinforcement. However, plant fibers suffer from several limitations that disallow their extensive application in industry [7] . One of these problems is poor interfacial adhesion between the reinforcing fibers and the surrounding resin matrix, which affects the mechanical properties of a composite material. This is due to the incompatibility between the non-polar resin matrix and the polar plant fiber, which negatively affects the mechanical properties of the composite. Chemical treatments as bleaching, acetylation and alkali treatment aim to improve the fiber/matrix adhesion by increasing the surface roughness of the plant fibers through of clean the fiber surface from impurities and disrupting the moisture absorption process through of coat of OH groups in fiber [8] .
Polymer matrices used for fiber reinforced composites are divided into two groups namely thermoset and thermoplastic. In this work, polypropylene (PP), thermoplastic polyester and synthetic unsaturated thermoset polyester (UP) were used as matrices. The influence of fiber defects on the flexural properties is analyzed. In addition, the effect of fiber treatments and fiber contents on the flexural properties is discussed.
EXPERIMENTAL
Materials. Polypropylene and orthophtalic unsaturated polyester resin was used as the polymer matrix. Sisal fiber was obtained from Dongfang sisal Co. (Guangdong, China). Chemical and solvents like sodium hydroxide (NaOH), ethanol and acetic acid were of analytical reagent grade and were used in an as-supplied state. silane coupling agent was purchased from Sinopec Maoming Company.
Alkali Treatment. Pre-dried fibers were soaked in 5 wt% sodium hydroxide solution at ambient temperature for 30 min. After treatment, fibers were washed with water to remove any traces of alkali on fiber surfaces and subsequently neutralised with 1 wt% acetic acid solution. The treated fibers (ALK) were then dried in an oven at 80 °C for 48 h.
Silane Treatment. A solution of 0.5 wt% silane coupling agent was prepared in acetone and the pH of the solution was adjusted to 3.5 with acetic acid. Fibres (6-7 wt% moisture content) were then immersed in the solution for 45 min. After treatment, fibers were removed from the solution and dried in an oven at 65 °C for 12 h. Finally, the fibers (SIL) were thoroughly washed with water to remove chemical residues until a pH of 7 was obtained and then dried in an oven at 80 °C for 48 h. Similar silane treatment procedures also employed for fibers that were previously alkali treated (ALK&SIL).
Composites Fabrication. Prior to the processing, PP pellets were dried in an oven at 80 °C for 48 h. Then the dry chopped hemp fibers and PP pellets were compounded (10, 20 and 30 wt% fiber) in a ThermoPrism twin screw extruder. The extruded composite material was palletized and dried at 80 °C for 24 h and then injection molded using an injection molding machine. It was noted that with reinforcement above 30 wt% processing became difficult due to poor melt flow of the compounded materials. Short sisal fiber reinforced UP composites were fabricated by compression moulding. Dried fibers were weighted to give 30, 40 and 50 wt% and randomly oriented by hand in the mould cavity (220×150×3.5 mm 3 ), and the polyester resin along with 1 wt% methylether ketone peroxide was poured over the fibers. The mould was then closed and curing was carried out at room temperature for 5 h at a pressure of 5 MPa. The composites were postured at 80 °C in an oven for 3 h. 3 were utilized. The sample span-to-depth ratio was 16:1 and the cross-head speed was 1.5 mm/min. Five samples were assessed for each batch of samples.
Flexural
Scanning Electron Microscope. Sisal fiber and composite fracture surface morphologies were studied using a Hitachi S-4700 field emission scanning electron microscope (SEM) operated at 5kV. All samples were mounted onto aluminium stubs and spatter coated with platinum and palladium to make them conductive prior to observation.
RESULTS AND DISCUSSION
Flexural Properties of Sisal/PP Composites. The average flexural strength and flexural modulus of the sisal/PP (untreated and treated short fiber) composites as a function of fiber content are presented in Fig. 1 . As can be seen in Fig. 1-(a) , the flexural strength decreased with increased fiber content. This behavior is different than the relationship between strength and fiber content as can be expected according to the 'rule of mixtures' models [9] . In a flexural test, there is a combination of tensile and compressive stress. Instead of having a compression wave form in the fibers, a weak spot in the fibers (i.e. defects in fibers, see Fig. 2-(a) ) can be the source of a bend, or a kink [10] . In turn, the kinks will induce stress concentration points in the matrix which could act as sites of potential crack initiation, fiber/matrix debonding and the overall source of failure [11] . As the fiber content increases, the stress concentration points increase simultaneously; consequently, the flexural strength decreases. The SEM micrographs of the fracture surface as taken from the compression site also support this explanation (see Fig. 2-(b) ), where it can be seen that the debonding occurred in the vicinity of the PP and sisal fiber interface due to the kink. In addition, as the fiber content increases the number of fiber ends (stress concentration points) increases, accordingly the flexural strength decreases. In contrast to flexural strength, Fig. 1-(b) shows that flexural modulus of the composites increased as the fiber content increased, which is because the sisal fibers are very stiff compared to PP. Also flexural modulus was measured from the linear elastic deformation part of stress versus strain graph which is far below the failure stress/strain point of the composites. So the effect of fiber defects on the flexural modulus of sisal/PP composites might be insignificant. As can also be seen in Fig. 1 , alkali and silane treatments enhanced the flexural strength and flexural modulus of the composites. The superior flexural strength and flexural modulus of the treated fiber composites can be attributed to the greater interfacial bonding in between treated fibers and PP as reported elsewhere [12] . In Fig. 3 , SEM micrographs also showing that fibers were well connected to the matrix (indicated by arrows) suggesting good adhesion in between treated fibers and matrix. The PP/ALK composites with 30 wt% short fibers had the highest flexural modulus of 6.33 GPa.
Flexural Properties of Sisal/UP Composites. The average flexural strength and flexural modulus of sisal/UP (untreated and treated short fiber) composites as a function of fiber content is presented in Fig. 4 . As can be seen in Fig. 4-(a) , the flexural strength decreased with increased fiber content, a trend similar to sisal/PP composites. The reason for this may again be attributed to the increase of a population of fiber defects and fiber ends with increased fiber content. The fiber defects (i.e. kinks) could act as a source of stress concentration in composites, as supported by the SEM micrograph (see Fig. 5-(a) ). It is evident that flexural strength of the treated fiber composites was higher than that of the untreated fiber composites. Among all the treated fiber composites, combined alkali and silane treated fiber (ALK&SIL) reinforced composites had the highest flexural strength at all fiber contents. This could be attributed to the enhanced interfacial bonding in between ALK&SIL fibers and UP as reported elsewhere. treated fibers were well bonded with UP. In Fig. 4-(b) , flexural modulus of the composites increased with increased fiber content as expected. It can also be seen that flexural modulus of sisal/UP composites improved after the treatment of fibers. The ALK&SIL fiber reinforced composites with 50 wt% fibers had the highest flexural modulus of 6.1 GPa. This result was better than any reported flexural modulus for the short natural fiber reinforced polyester composites [13] .
SUMMARY
PP could be reinforced with a maximum of 30 wt% fibers using conventional injection moulding, but could not be processed at higher fiber contents due to poor melt flow of the compounded materials. It was also observed that flexural modulus of both the short and long fiber reinforced PP composites increased with increased fiber content, however, flexural strength decreased with increased fiber content. This reduction of flexural strength could be due to fiber defects which act as stress concentration points in the composites during the test as supported by micrographs. These defects cause crack initiation, fiber/matrix debonding and early failure before the load is fully transferred from matrix to fiber. Alkali and silane treatments were found to increase flexural strength and flexural modulus of the composites which appears to be due to the improvement of fiber/matrix adhesion compared to untreated fiber composites. 
